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thermal	tolerance	(p < 0.05 and p	<	0.1),	measured	in	a	previous	thermal	challenge	
experiment.	Genes	near	the	associated	SNPs	had	complex	functions	related	to	im‐
munity,	 growth,	 metabolism	 and	 ion	 homeostasis.	 Principal	 component	 analysis	







the	 still	 relatively	 rare	application	of	genomic	 tools	 testing	 for	markers	associated	
with	important	phenotypic	or	environmental	characteristics	in	species	of	conserva‐
tion concern.
K E Y W O R D S
body	condition,	conservation	hatchery	adaptation,	full-sibling	families,	genome-wide	
association	studies,	Lahontan	cutthroat	trout,	lake	life	history,	thermal	tolerance




the	 same	data	 set	 one	 can	 now	 characterize	 population	 structure	
and	 connectivity	 using	 neutral	 genetic	 markers,	 while	 simultane‐
ously	searching	for	molecular	signatures	of	local	adaptation	(Helyar	
et	 al.,	 2011;	Manel	 et	 al.,	 2016;	Narum,	 Buerkle,	 Davey,	Miller,	 &	
Hohenlohe,	 2013).	 Both	 aspects	 of	 variation	 can	 then	 be	 priori‐
tized	 jointly	 to	maintain	evolutionary	distinctiveness	 and	assumed	
future	 adaptive	 potential	within	 conservation	 units	 (Funk,	McKay,	
Hohenlohe,	&	Allendorf,	2012;	Kohn,	Murphy,	Ostrander,	&	Wayne,	
2006;	 Ouborg,	 Pertoldi,	 Loeschcke,	 Bijlsma,	 &	 Hedrick,	 2010).	
Typical	approaches	for	investigating	adaptation	such	as	searching	for	
anomalous	patterns	of	differentiation	 (i.e.,	outlier	 tests,	Beaumont	
&	 Nichols,	 1996;	 Nunes,	 Beaumont,	 Butlin,	 &	 Paulo,	 2011;	 Storz,	
2005)	focus	on	uncovering	signatures	assumed	to	reflect	selection,	
but	 these	 patterns	 are	 rarely	 verified	 using	 other	 complementary	
approaches	 (Haasl	&	Payseur,	2016).	Although	certainly	useful	 for	




life	 histories	 or	 physiological	 traits)	 along	 with	 annotated	 refer‐
ence	genomes	 can	be	particularly	 valuable	 (Allendorf,	Hohenlohe,	






Primmer,	 2011;	 Taylor,	 1991).	 They	 have	 had	 a	 long	 evolutionary	
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history	 in	 heterogeneous	 and	 dynamic	 habitats	 (Waples,	 Pess,	 &	












are	 imperiled	 due	 to	 anthropogenic	 influences	 (Gustafson	 et	 al.,	
2007;	Nehlsen,	Williams,	&	Lichatowich,	1991;	Waples,	1995)	 and	
are	 threatened	 by	 climate	 change	 (Abdul-Aziz,	 Mantua,	 &	Myers,	




as	 the	 Lahontan	 cutthroat	 trout	 (Oncorhynchus clarkii henshawi, 
LCT),	for	which	the	dramatic	geological	changes	of	the	Great	Basin	
(Figure	 1)	 created	 a	 dynamic	 aquatic	 backdrop	 for	 evolutionary	
change	(Madsen,	Hershler,	&	Currey,	2002;	Reheis,	Sarna-Wojcicki,	
Reynolds,	 Repenning,	 &	 Mifflin,	 2002;	 Smith	 &	 Stearley,	 2018).	
Throughout	 the	 mid-	 to	 late	 Pleistocene,	 the	 habitat	 of	 LCT	 cy‐
cled	from	networks	of	headwater	streams	and	smaller	lakes	during	
warmer	 periods	 to	 widespread	 inundation	 by	 the	 massive	 pluvial	
Lake	 Lahontan	 (Figure	 1,	 inset),	 which	 provided	 LCT	 with	 an	 al‐
most	ocean-like	environment	where	 it	persisted	as	an	apex	preda‐
tor	 (Behnke,	1992;	Grayson,	1993;	Reheis	et	al.,	2002).	By	around	
8,000	 years	 ago	 Lake	 Lahontan	 had	 subsided	 into	 several	 desert	
mesotrophic	“terminal”	lakes	(lakes	with	no	outflow)	in	the	western	
region	of	 the	LCT	range	 (i.e.,	Pyramid	and	Walker	 lakes,	Figure	1);	
over	time	these	lakes	became	characterized	by	increased	alkalinity,	
salinity	 and	 summer	 temperatures	 compared	 to	 higher	 elevation	
stream	and	oligotrophic	lake	habitat	also	occupied	by	Lahontan	cut‐






The	 resulting	phenotypic	 traits	of	 this	 lacustrine	 fish—fast	growth	
rate,	 large	size,	and	a	tolerance	for	variable	temperature	and	alka‐




higher	metabolic	 costs	of	 higher	 temperatures	 (Robinson,	Gomez-






Characterizing	 the	 genes	 associated	 with	 these	 traits	 is	 an	












lying	 genetic	 contribution	 to	 thermal	 tolerance	 (McCairns,	 Smith,	
Sasaki,	Bernatchez,	&	Beheregaray,	2016;	Perrier,	Ferchaud,	Sirois,	
Thibault,	 &	 Bernatchez,	 2017).	 Recent	 studies	 have	 also	 demon‐
strated	complex	associations	between	thermal	tolerance	and	other	
biological	processes	in	fish.	For	instance,	because	of	the	relationship	
between	temperature	and	dissolved	gases	 in	 liquids	 (Henry's	Law)	
thermal	and	hypoxia	tolerance	are	functionally	associated	in	fresh‐
water	fish	(Antilla	et	al.,	2013;	Garvin,	Thorgaard,	&	Narum,	2015;	




Pörtner	 &	 Knust,	 2007;	 Sumaila,	 Cheung,	 Lam,	 Pauly,	 &	 Herrick,	
2011).	An	association	between	temperature	and	immunity	(Alcorn,	
Murray,	&	Pascho,	2002),	such	as	through	Major	Histocompatibility	
Complex	 genes,	 has	 also	 been	 found	 in	 salmonids,	 suggesting	 a	


















(SNPs),	 we	 used	 genome-wide	 family-based	 association	 testing	 to	
evaluate	linkages	between	genomic	variation	and	thermal	tolerance.	
Next,	we	made	FST	outlier	contrasts	between	samples	from	the	only	
2576  |     AMISH et Al.
two	remaining	native	lake	populations	of	LCT,	which	reside	in	lakes	
with	substantial	differences	in	temperature.	We	predicted	that	po‐











2.1 | Population histories and habitats
We	begin	with	an	overview	of	LCT	that	were	found	in	the	large	la‐
custrine	habitats	of	the	Truckee	River	watershed,	including	Pyramid	
Lake,	NV	 (Figure	1).	Pyramid	Lake	 is	 important	 in	 the	evolution	of	
lake-form	LCT	as	the	largest	remnant	of	pluvial	Lake	Lahontan	that	









impacts	 from	 logging,	overharvest,	 introduction	of	non-native	 sal‐
monids	and	barriers	preventing	access	 to	 fluvial	 spawning	habitat,	
the	large,	lacustrine	LCT	were	largely	extirpated	by	the	early	1940s	
(LCT	has	 since	disappeared	 from	99%	of	 its	historical	 lake	habitat	







alities	 (Hickman	&	Behnke,	 1979)	 and	 a	 close	 genetic	 relationship	




stream	population	 in	 1995	by	 the	United	 States	 Fish	 and	Wildlife	
Service	 (USFWS)	with	 the	goal	of	 restoring	 the	genetic	 character‐
istics	underlying	the	lacustrine	life	history	and	unique	physiological	
and	metabolic	adaptations	of	Pyramid	Lake	LCT.	Subsequent	tests	
of	 full-sibling	 family	 groups	 from	 the	 “Pilot	 Peak”	 hatchery	 strain	
under	a	thermal	challenge	confirmed	high	among-family	variation	in	






















1999).	 The	 two	 smaller	 lakes	 mentioned	 above	 have	 contrasting	
thermal	 environments.	 Independence	 Lake	 is	 a	 contemporane‐
ously	 isolated	 alpine	 lake,	 found	 high	 in	 the	 Truckee	 River	 water‐









AWAE/proje	cts/NorWe	ST.html;	 Figure	 1).	 We	 contrast	 LCT	 from	











stream	environments	 (Table	1,	 Figure	1)	 to	 enable	 comprehensive	
marker	 discovery	 and,	 initially,	 to	 provide	 broader	 testing	 of	 LCT	
across	the	range	(but	see	FST	outlier	test	between	natural	lake	popu‐
lations	below,	 detailing	 that	we	dropped	 these	 samples	 ultimately	
from	further	analyses).	Extracted	DNA	from	230	individuals	was	as‐
sessed	using	a	Nanodrop	spectrophotometer	and	double-stranded	
     |  2577AMISH et Al.






were	 sequenced	 on	 an	 Illumina	 HiSeq	 2000	 device	 using	 100-bp	
paired-end	reads.
2.3 | Bioinformatics




loci	 from	paralogous	 regions.	We	used	bwa‐mem	 to	map	paired-end	
reads	to	the	de	novo	reference.	samtools	(Li,	2011;	Li	et	al.,	2009)	was	
















bly	 errors	 (Hohenlohe,	Amish,	Catchen,	Allendorf,	&	 Luikart,	 2011).	
























pngu.mgh.harva	rd.edu/purce	ll/plink/	).	 We	 applied	 the	 transmission	
disequilibrium	test	(TDT)	to	perform	a	family-based	test	of	genome-
wide	association	with	individual	survival	time	under	increasing	water	

























Gance	Creek GACR Stream 21
Mary's	River,	Main	Stem MSMR Stream 15
Mary's	River,	West WEMR Stream 22
Mohawk	Creek MOCR Stream 21
Willow	Whitehorse	Creek WWCR Stream 22
Independence	Lake INDL Lake 21
Summit	Lake SUML Lake 21
Pilot	Peak	(Pyramid	lake)	Family	1 PPP1 Hatchery 5
Pilot	Peak	(Pyramid	lake)	Family	2 PPP2 Hatchery 5
Pilot	Peak	(Pyramid	lake)	Family	3 PPP3 Hatchery 6
Pilot	Peak	(Pyramid	lake)	Family	4 PPP4 Hatchery 5
Pilot	Peak	(Pyramid	lake)	Family	5 PPP5 Hatchery 18
Pilot	Peak	(Pyramid	lake)	Family	6 PPP6 Hatchery 5
Pilot	Peak	(Pyramid	lake)	Family	7 PPP7 Hatchery 16
2578  |     AMISH et Al.
regimes	might	share	multiple	FST	outliers,	which	could	then	be	com‐
pared	to	loci	associated	with	thermal	tolerance	in	the	PPP	families.	






which	deviate	 from	neutrality	and	are	 likely	 to	be	under	 selection	
(Luikart,	England,	Tallmon,	 Jordan,	&	Taberlet,	2003;	Storz,	2005).	
Because	the	various	available	outlier	tests	differ	 in	their	analytical	






timates	 the	 probability	 that	 each	 locus	 is	 subject	 to	 selection	 by	










considered	 a	 putative	outlier	 under	 positive	 selection	 if	 simulated	
FST	 values	were	 less	 than	 the	 true	 sample	FST	 in	 >99.5%	of	 simu‐
lations	 (P-Sim	>0.995).	Finally,	baypass	 2.1	 (Gautier,	2015)	was	also	
used	to	search	for	a	signature	of	adaptive	divergence	among	the	two	
remaining	 lake	 populations	 based	 on	 the	XtX	 differentiation	mea‐
sure	(Günther	&	Coop,	2013)	using	default	parameters.	This	statistic	
represents	an	SNP-specific	“FST”	corrected	by	the	scaled	covariance	







2.6 | Annotation and further analysis of significant 
SNPs from TDT and FST outlier tests
Two	sources	of	data	were	used	to	annotate	the	SNPs	uncovered	by	





quence	 (GenBank	 RefSeq	 assembly	 accession	 GCF_002163495.1)	
with	 overlapping	mapping	 coordinates	 extracted	 for	 each	 SNP.	 In	
addition,	 de	 novo	 contigs	 for	 the	 filtered	 SNP	 data	 were	 aligned	
to Salmo salar	 (Atlantic	 salmon)	 and	 O. mykiss	 sequences	 in	 the	
NCBI	 Nucleotide	 Collection	 (nr/nt)	 database	 using	 the	 blastn al‐








either	 the	 Gnomon	 or	 NCBI	 annotations	 and	 queried	 against	 the	
UniProt	 Protein	 knowledgebase	 (UniProtKB)	 to	 further	 illuminate	
their	biological	function.
We	 ran	 a	PCA	using	only	 the	 loci	 identified	 as	 related	 to	 ther‐








sort	 with	 the	 best-performing,	 most	 temperature-tolerant	 family	
(PPP5).	We	used	a	relaxed	p-value	(corrected	p	<	0.1)	in	the	TDT	to	
identify	a	larger	set	of	potentially	informative	loci	for	this	exploratory	













of	 test	would	 include	 those	associated	with	 thermal	 tolerance	 in	 the	
family-based	 genome-wide	 association	 test	 which	 also	 have	 signifi‐
cantly	different	allele	 frequencies	 in	 the	two	native	 lake	populations,	






reads	 after	 removal	 of	PCR	duplicates	 and	quality	 filtering.	 fastqc 




represented	 by	 >1,000,000	 reads	 each.	 After	 requiring	 that	 each	
locus	be	genotyped	in	at	least	one	individual	per	population,	30,248	
RAD	 loci	were	 chosen	 for	 de	 novo	 reference	 assembly.	Using	 the	
paired-reads	 from	 our	 discovery	 panel	 samples,	 CAP3	 assembled	
consensus	 sequence	contigs	 for	28,433	 loci	 (94%).	The	assembled	




cation	 in	 the	 rainbow	trout	genome,	19,324	de	novo	contigs	were	
identified	for	the	reference	assembly.
3.2 | Genotyping with de novo reference, SNP 
filtering and population structure
After	quality	filtering,	a	total	of	4,644	variable	SNPs	was	identified	
and	 genotyped	 in	 203	 focal	 individuals	 from	 range-wide	 popula‐
tion	 samples.	 The	 number	 of	 SNPs	 discovered	 is	 similar	 to	 other	
conservation	 studies,	 and	 unsurprising	 given	 the	 species'	 history	
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2007;	 Peacock	 et	 al.,	 2018).	 The	 first	 axis	 strongly	 separated	 the	
PPP	 hatchery	 broodstock	 from	 stream-form	 populations	 found	 in	
more	 eastern	 basin	 sites,	 with	 the	 two	 native	 lacustrine	 popula‐
tions	(Independence	and	Summit)	falling	in-between	(Figure	2).	The	




the	 remaining	 populations,	 in	 agreement	 with	 microsatellite	 data	
(FST	=	0.01–0.55;	Peacock	&	Kirchoff,	2007).


















tated	 loci	 included	 immune	 response,	metabolic	 pathways	 or	 pro‐
cesses,	growth,	protein	assembly,	cardiac	function,	calcium	and	ion	
homeostasis,	 and	anaerobic	 resiliency	 (Table	2,	 see	Discussion	 for	
further	detail).	As	 specific	 examples,	 the	 available	 annotations	 for	















Summit	and	 Independence	 lake	populations	were	only	 slightly	dif‐
ferentiated	from	each	other	and	did	not	align	with	the	PPP	groups	
as	 predicted	 (i.e.,	 Summit	 Lake	did	not	 align	with	PPPH,	 the	most	

























1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 26 29 31 32 33





SNPs	 (omy07_35686088,	 omy07_34792378 and omy05_49456674) 
had	no	 available	 annotation	based	on	mapping	 and	 blastn	 results.	
SNP	omy18_33019570	(r = 0.458; q‐val	=	3.18	E-09)	was	located	in	the	
annotated	region	for	the	PVRL	gene	involved	in	immune	response,	
cell	 adhesion	 and	 spermatid	 development.	 SNP	 omy06_69205763 
(r = 0.271; q-val	=	1.5	E-03)	was	located	in	the	annotated	region	for	
the	TRIMM66	gene	involved	in	the	negative	regulation	of	transcrip‐
tion	(Table	2).
3.4 | FST outlier tests between natural lake 
populations




cated	 in	 chromosome	 omy05	 (omy5_14122662, omy5_76852970, 
omy5_77686103),	and	one	of	them	localized	to	chromosome	omy12	
(omy12_51549483;	 Table	 3).	 lositan	 identified	 42	 loci	 putatively	
under	 directional	 selection	 (p	 =	 0.01).	 These	 high	 FST	 outliers	 in‐
cluded	 the	 four	 noted	 above	 as	 significant	 in	 bayescan	 (Table	 2;	
Figure	S2).	Four	pairs	of	high	FST	outliers	<1	million	bp	apart	were	
observed	 on	 four	 different	 chromosomes.	 These	 included	 two	
high	FST	outliers	detected	 in	 the	bayescan	analysis	on	chromosome	
5	(omy05_76852970, omy05_77686103)	and	a	pair	of	SNPs	on	each	
of	 chromosome	 18	 (omy18_27629677, omy18_27689738),	 chromo‐
some	 21	 (omy21_47126944, omy21_47637540)	 and	 chromosome	
23	 (omy23_45754879, omy23_46297342).	 Forty-one	 SNPs	 were	





Sequences	 containing	 the	 high	XtX	 outlier	 SNPs	were	mapped	 to	
the	rainbow	trout	genome,	with	18	of	29	chromosomes	represented	





3.5 | Shared SNPs from TDT and FST outlier tests
We	tested	if	the	same	loci	associated	with	thermal	tolerance	in	the	
PPP	broodstock	were	also	FST	outliers	 in	the	wild	 lake	populations	
with	 different	 thermal	 regimes.	 No	 SNPs	 that	 were	 significant	 in	
the	TDT	of	the	PPP	families	were	also	identified	as	significant	in	any	
of	 the	FST	 outlier	 tests	between	 the	native	populations.	However,	
one	pair	of	SNPs,	where	each	SNP	was	identified	by	one	of	the	two	
tests,	mapped	to	the	same	chromosome	and	were	c.	115	kb	apart	
(omy08_63245323,	 omy08_63361025).	 Based	 on	 blast	 annotation,	




Eighteen	 loci	were	 shared	 among	 two	or	 three	of	 the	FST out‐
lier	 tests	 (Table	3).	SNP	omy05_76852970	was	highly	 significant	 in	
all	 three	 FST	 outlier	 tests,	 but	 no	 annotated	 genes	were	 found	 in	
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the	 rainbow	 trout	 genome	within	 5	Mb	 and	 no	 similar	 sequences	
were	 identified	 with	 blastn.	 A	 second	 SNP	 <1	 million	 bp	 away,	
omy05_77686103,	was	 a	 significant	outlier	 in	both	 the	baypass and 
lositan	 tests.	 SNP	 omy05_77686103	 is	 located	 in	 the	 PHLPP1-like	




both	bayescan and lositan.	 Functions	were	broadly	associated	with	
cellular	 growth	 and	 development,	 transcription,	 immune	 response	
















important	 evolutionary	 findings	 (Brennan	 et	 al.,	 2018;	 McGirr	 &	
Martin,	2016;	Pfeifer	et	al.,	2018).	Our	more	challenging	situation,	
where	small	population	size	and	 threatened	status	made	 it	 impos‐
sible	to	measure	the	phenotype	of	interest,	is	common	in	species	of	
conservation	concern.	Despite	this,	our	contrast	between	the	native	
lake	populations	uncovered	 a	 suite	of	 potentially	 adaptive	 loci	 as‐
sociated	with	 intuitive	 functions,	which	merit	 further	 study.	More	




4.1 | Other studies of thermal adaption
Although	complex	genomic	architecture	probably	underlies	thermal	

































associated	 with	 the	 up-regulation	 of	 genes	 involved	 in	 cell	 redox	
homeostasis,	inflammation/immunity,	calcium	and	ion	homeostasis,	
and	 metabolism	 (Jeffries	 et	 al.,	 2012;	 Jeffries,	 Hinch,	 Sierocinski,	
Pavlidis,	&	Miller,	 2013;	Narum	&	Campbell,	 2015;	 Tomalty	 et	 al.,	
2015).












tatively	 associated	with	 six	 SNPs	 involved	 in	 cation	 transport	 and	
energy	 homeostasis	 or	 metabolism	 (PIEZO1,	 DHCR7,	 IGFBP-5A,	
CALCOCO1,	SLC27A2,	MARK4).	The	link	between	PIEZO1,	calcium	
influx	 and	ATP	 release	may	 be	 another	 biological	 pathway	 impor‐
tant	for	energy	conservation	through	its	regulation	of	microvascular	
tone	(Cinar	et	al.,	2015).	In	addition,	the	discovery	of	SNPs	associ‐
ated	with	 growth	 and	metabolism	 support	 the	 genetic	 correlation	
observed	 by	 Robinson	 et	 al.	 (2008)	 between	 body	 condition	 and	
thermal	tolerance	(0.84)	in	these	LCT	families	and	suggest	a	possible	
physiological	link	to	their	historically	large	size.	However,	additional	




4.3 | FST tests versus family‐based tests
Our FST	outlier	tests	discovered	distinct	sets	of	outlier	loci	differen‐
tiating	the	native	lake	populations	with	contrasting	thermal	regimes	
(and	 potentially	 other	 ecological,	 demographic	 and	 genetic	 differ‐
ences,	 see	 below).	Outlier	 loci	 had	 functions	 putatively	 related	 to	



















the	 thermotolerance	 phenotype	measured	 in	 the	 hatchery	 brood‐
stock	and	the	outlier	loci	identified	in	contrasts	of	the	two	wild	lake	
populations.	 In	 the	 end	 the	 TDT	 and	 FST	 outlier	 tests	 showed	 no	
shared	 loci.	One	 pair	 of	 SNPs	 (with	 each	 identified	 by	 one	 of	 the	
two	 tests)	 only	 c.	 115	 kb	 apart	 did	 map	 to	 chromosome	 omy08,	
potentially	 suggesting	 a	 common	 region	 associated	with	 the	 ther‐
motolerance	phenotype	and	differentiation	in	the	wild	populations.	
While	we	lack	linkage	disequilibrium	(LD)	estimates	for	LCT	because	
no	 linkage	map	 or	 genome	 assembly	 exists	 for	 LCT,	 this	 distance	
is	 in	 keeping	with	 distances	 encompassing	 significant	 LD	 in	 other	
fish.	 In	outbred	natural	populations	of	 rainbow	 trout,	 LD	 typically	
spans	thousands	of	bases	 (<10	kb,	Chen,	Farrell,	Matala,	Hoffman,	









tiation	between	 the	native	 lake	populations	 at	 these	 loci.	 Instead,	
we	observed	five	thermotolerance	loci	identified	in	the	PPP	brood‐












between	 the	 remaining	wild	 populations	 of	 LCT	 and	 the	hatchery	
broodstock	being	managed	for	recovery	of	the	lake-form	ecotype.
4.4 | Why were different loci discovered by 
different tests?
The	 high	 level	 of	 genetic	 divergence,	 different	 genetic	 back‐
grounds,	and	varied	demographic	and	genetic	histories	all	probably	
influenced	our	ability	to	detect	selection	signatures	in	these	natu‐
ral	 and	 propagated	 populations	 (Haasl	&	 Payseur,	 2016;	 Jensen,	
Foll,	 &	 Bernatchez,	 2016).	 Summit	 Lake	 is	 a	 small	 habitat	 that	
has	been	 isolated	for	over	8,000	years	 (Curry	&	Melhorn,	1990).	
Independence	 Lake	 is	 within	 the	 same	 watershed	 as	 Pyramid	
Lake,	but	is	relatively	distinct	based	on	these	SNPs	and	other	neu‐
tral	 genetic	 markers	 (e.g.,	 microsatellites;	 Peacock	 et	 al.,	 2018).	
Recruitment	into	the	Independence	Lake	LCT	population	has	been	






mountain	 tributary	 for	 decades	 and	 later	 subsampled	 to	 initiate	
the	current	broodstock,	 it	has	been	bottlenecked	twice	recently.	
In	addition,	hatchery	propagation	can	dramatically	affect	genetic	
variation	 and	 gene	 expression	 (Araki,	 Cooper,	 &	 Blouin,	 2007;	
Christie	 et	 al.,	 2016;	Christie,	Marinea,	 French,	&	Blouin,	 2011).	






The	 limited	 number	 of	 outliers	 detected	 by	 bayescan	 in	 the	 two	
wild	 lake	 populations	 (and	 in	 previous	 analyses	 of	 stream	popu‐



























et	 al.,	 2017).	 In	many	 cases,	 uncertainty	 about	 the	 architecture	
of	 adaptation	 and	 the	 trajectory	 of	 future	 selective	 pressures	
make	it	prudent	to	consider	the	importance	of	genome-wide	vari‐
ation	in	driving	evolutionary	potential	and	population	persistence	
(Harrisson	 et	 al.,	 2014;	 Miller	 &	 Hedrick,	 1991;	 Vrijenhoek	 &	
Leberg,	 1991).	 Thus,	while	 our	 study	 uncovers	 temperature	 tol‐
erance-related	 variants	 associated	 with	 complex	 physiological	
and	biological	attributes	such	as	growth,	anaerobic	resiliency	and	
immunity	 in	 the	 PPP	 broodstock,	 and	 other	 variants	 potentially	
under	selection	in	the	native	 lake	forms,	any	active	management	
targeting	specific	genes	to	conserve	adaptive	diversity	(Funk	et	al.,	







ily-based	 association	 testing,	 multiple	 outlier	 loci	 tests	 in	 natural	
populations,	and	functional	gene	annotation	allowed	us	to	identify	
candidate	genes	related	to	 immune	response,	growth,	and	thermal	
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